Abstract A genome-wide microarray analysis of gene expression was carried out on human microvascular endothelial cells (HMEC-1) exposed to hyperbaric oxygen treatment (HBOT) under conditions that approximated clinical settings. Highly up-regulated genes included immediate early transcription factors (FOS, FOSB, and JUNB) and metallothioneins. Six molecular chaperones were also up-regulated immediately following HBOT, and all of these have been implicated in protein damage control. Pathway analysis programs identified the Nrf-2-mediated oxidative stress response as one of the primary responders to HBOT. Several of the microarray changes in the Nrf2 pathway and a molecular chaperone were validated using quantitative PCR. For all of the genes tested (Nrf2, HMOX1, HSPA1A, M1A, ACTC1, and FOS), HBOT elicited large responses, whereas changes were minimal following treatment with 100% O 2 in the absence of elevated pressure. The increased expression of immediate early and cytoprotective genes corresponded with an HBOT-induced increase in cell proliferation and oxidative stress resistance. In addition, HBOT treatment enhanced endothelial tube formation on Matrigel plates, with particularly dramatic effects observed following two daily HBO treatments. Understanding how HBOT influences gene expression changes in endothelial cells may be beneficial for improving current HBOT-based wound-healing protocols. These data also point to other potential HBOT applications where stimulating protection and repair of the endothelium would be beneficial, such as patient preconditioning prior to major surgery.
Introduction
Hyperbaric oxygen therapy (HBOT) involves the administration of 100% O 2 at pressures above 1 atm (Thom 2009 ). Currently, the Undersea and Hyperbaric Medical Society has defined 13 indications for which HBOT is approved including air/gas embolisms, CO poisoning, acute traumatic ischemias, and chronic wounds (Gesell 2008) . In fact, HBOT is widely used for the treatment of diabetic ulcers (Duzgun et al. 2008; Liu and Velazquez 2008; Ong 2008; Thackham et al. 2008; Efrati et al. 2009 ), an application that will only increase as the population ages. One way HBOT acts to enhance chronic wound healing is by stimulating angiogenesis (Ren et al. 2008; Milovanova et al. 2009; Sander et al. 2009; Yuan et al. 2009 ). The tissue responsible for angiogenesis, the vascular endothelium, has been the topic of several studies to determine the mechanisms of the beneficial effects of HBO. In one proposed mechanism, HBO increases the partial pressure of oxygen in circulating plasma, which helps to stimulate oxygen-dependent collagen matrix formation, a crucial step in wound healing (Gurdol et al. 2009 ). It has also been shown that seven daily HBO treatments can decrease hypoxia inducible factor 1 alpha expression in rat ischemic wound tissue, thereby attenuating apoptosis. Furthermore, this report demonstrated a reduction in the numbers of neutrophils present at the wound site following HBOT, indicative of a reduction in inflammation (Zhang et al. 2008) .
Different gene and protein expression changes have been identified following HBOT in various experimental systems. For example, Lin et al. described how HBOT can specifically induce angiopoietin-2 in human umbilical vein endothelial cells, a protein that can stimulate angiogenesis when expressed coordinately with vascular endothelial growth factor. In humans as well as cell culture models, HBOT has also been shown to induce expression of heme oxygenase-1 (HMOX1), a protein that protects cells against oxidative stress (Speit et al. 2000; Rothfuss and Speit 2002; Li et al. 2007 ). This finding supports the potential efficacy of HBOT as a preconditioning therapy that would help increase tolerance against various injuries, particularly those that involve an oxidative stress component. Such preconditioning could be performed prior to a surgery that carries the risk of an ischemia/reperfusion event.
Our present study takes a genome-wide approach to obtain insight into potential mechanisms of HBO action in vascular endothelial cells. An Illumina bead array analysis was performed on human microvascular endothelial cells (HMEC-1) treated with HBO under conditions that approximated clinical settings. RNA expression was assessed in cells immediately and 24 h following HBO exposure. We identified 8,181 genes that were significantly changed in at least one treatment group. Analysis revealed both up-and down-regulation of gene expression with changes observed in antioxidant response pathways, molecular chaperone expression, and immediate early genes. To our knowledge, this is the first report of microarray analysis on HBOtreated human dermal microvascular endothelial cells. In general, our findings support strong antioxidant and prosurvival effects of HBO on endothelial cells, clarify mechanisms of action for present clinical HBO applications, and suggest new therapeutic applications.
Materials and methods
Cell culture and treatments HMEC-1 were obtained from the Center for Disease Control and Prevention (Atlanta, GA). These cells have been immortalized by the SV40 large T antigen driven by the Rous Sarcoma Virus long terminal repeat (Ades et al. 1992) . They retain the morphology, phenotype, and functional characteristics of normal HMEC-1. Cells were cultured in MCDB 131 media (Invitrogen) supplemented with 10% fetal bovine serum (Lonza), 1% antibiotic/ antimycotic (Gibco), human epidermal growth factor (10 ng/ml), and hydrocortisone (Sigma, 1 μg/ml) and maintained in a humidified incubator at 37°C and 5% CO 2 . t-Butyl hydroperoxide (Sigma) was diluted in sterile water to indicated concentrations immediately before treatment.
Hyperbaric oxygen treatment
Experimental treatment was performed using an OxyCure 3000 hyperbaric incubator (OxyHeal Health Group) at 100% O 2 at 2.4 atm, at 37°C for 60 min. For the duration of the treatment, culture media was replaced with CO 2 -independent media (Gibco). Immediately following treatment, cells were either returned to normal complete media and culture conditions for recovery or processed immediately for RNA analysis. HBO treatment conditions were chosen to mimic current human treatment protocols.
RNA isolation and microarray data analysis RNA was isolated using Trizol reagent according to the manufacturer's instructions (Invitrogen) as previously reported (Godman et al. 2008 ) Briefly, culture media was removed, and Trizol reagent was added followed by chloroform extraction and isopropanol precipitation. The concentration of resulting RNA was determined using spectrophotometric methods. RNA was stored at −80°C.
Microarray data preprocessing and selection of differentially expressed genes After hybridization, the Illumina HumanWG-6 BeadChip was analyzed by the Gene Expression Module of BeadStudio Software (Illumina). Raw intensity and present/ absent call of each probe was obtained for the six hybridized samples and exported in a single commaseparated file. We used the R (Ihaka and Gentleman 1996) and BioConductor Lumi packages (Du et al. 2008) to examine the quality control information and perform preprocessing on the raw data. Variance stabilizing transformation (VST) and robust spline normalization were applied on the raw data to generate normalized and comparable data among samples. After normalization, we used inverse VST to transform intensity data back to the raw scale before computing ratios between samples. Complete gene expression data are available in the Gene Expression Omnibus at http://www.ncbi.nlm.nih.gov/geo/.
Pattern-based clustering
We used pattern-based clustering as an approach to perform functional analysis by grouping genes with similar expression patterns. Pattern-based clustering uses non-numeric parameters assigned for each fold change pattern to group genes in order to avoid assigning a predefined clustering number and to avoid common inconsistency problems in distance-based clustering algorithms such as K means.
We arranged the samples in the order of control 0-h time point (CTRL0), HBOT 0-h time point (HBOT0), control 24-h time point (CTRL24), and HBOT 24-h time point (HBOT24) for pattern-based clustering so that adjacent samples share only one variable. The genes that we used for pattern-based clustering are the union of the differentially expressed genes selected from the three comparisons: HBOT0 vs. CNTL0, HBOT24 vs. CTRL24, and HBOT24 vs. HBOT0. This union set contains genes that are regulated in at least one of the three comparisons and meets the minimum requirement to be included for clustering analysis.
Ingenuity Pathway Analysis
Canonical pathway and gene function analyses were executed using Ingenuity Pathways Analysis tools (Ingenuity Systems, Mountain View, CA), a web-delivered application that enables the discovery, visualization, and exploration of molecular interaction networks in gene expression data. We selected genes with a fold change above 1.25 and below 0.75 for each comparison (HBOT0/CNTL0 and HBOT24/CNTL24) to be uploaded into the Ingenuity Pathway Analysis. Significances for biological functions or canonical pathways were assigned to each network by determining a p value for the enrichment of the genes in the network for such functions or pathways compared with the entire Ingenuity pathway knowledge base as a reference set. Right-tailed Fisher's exact test was used with p≤0.001. The choice of p value dramatically affects the output of the pathway analysis tools. For example, inclusion of the entire data set resulted in the selection of the Nrf2 oxidative stress pathway, ERK/MAPK pathway, and Integrin pathway as highly affected, based on the number of gene expression changes, but not statistically significant. Therefore, we tested a series of fold-change cutoffs to include in the analysis in order to produce statistically significant p values. As a control, we compared the untreated samples from each time point to each other and found no significant changes present using cutoff values that generated a p≤0.001.
Reverse transcription PCR and quantitative real-time PCR
For reverse transcription PCR, 1-2 μg of RNA was diluted in water and combined according to manufacturer's instructions with the Applied Biosystems High Capacity cDNA Reverse Transcription Kit (Foster City, CA). RealTime PCR was performed using an Applied Biosystems 7300 Real-Time PCR system and software. Reactions were run for 40 cycles with the TaqMan 2× Universal PCR Master Mix in 10 μl volumes with approximately 12.5 ng cDNA. TaqMan gene expression assays purchased from Applied Biosystems include Hs9999903_m1 for beta-actin, Hs01110250_m1 for HMOX1, Hs00359163_s1 for HSPA1A, Hs00831826_s1 for MT1A, and Hs00975960_m1 for Nrf2, Hs00606316_m1 for ACTC1, and Hs99999140_m1 for FOS.
Cytoprotection and cell proliferation assays
In order to assess relative cell proliferation and resistance to oxidative stress, HMEC-1 cells were passed at a 1:5 dilution and allowed to reattach to the plate overnight. Cells were then treated with HBOT or 100% O 2 at 1 atm, incubated for indicated times, and exposed to t-butyl hydroperoxide for 4 h. Cell proliferation was determined using the CellTiter96 Aqueous One Solution (Promega). This assay measures the conversion of MTS by metabolically active cells to a soluble formazan product, which is measured at 490 nm. Results are displayed with background subtracted and normalized to control, untreated samples.
Vascular endothelial tube formation assay
Confluent HMEC-1 cells were treated with the HBOT protocol described above and then immediately plated on Matrigel-coated cell culture dishes (BD Biosciences, San Jose, CA) at a 1:1 passage in normal cell culture medium. Cells were incubated under normal conditions for 24 h and images were taken using 10× objective on a Zeiss Axiovert 200 M microscope (Zeiss; Göttingen, Germany) using a Hamamatsu ORCA-ER camera (Hamamatsu; Bridgewater, NJ). For cultures that received two HBOT treatments, a 16-h recovery period at 37°C and normobaric conditions was allowed prior to the second treatment.
Results

HBOT and gene expression changes
To determine the impact of HBOT on gene regulation in human endothelial cells, Illumina bead arrays were performed on RNA extracted from HMEC-1 cells treated with HBO under conditions that approximate clinical settings (2.4 atm, 100% O 2 , 1 h). RNA expression was assessed in cells immediately following and 24 h after HBO exposure. To ensure that the microarray data were consis-tent among biological replicates, scatterplots were constructed. Figure 1 illustrates that replicates in each of the groups have a very high correlation as indicated by the regression line and r 2 values (0.99-1). In contrast, when expression values for CNTL0 were compared to HBOT0 or HBOT24, a broad scatter was observed, indicating numerous gene expression changes. Statistical analysis revealed a total of 8,101 genes that were significantly regulated in at least one treatment level over control. Both increases and decreases in gene expression were observed compared to controls at each time point, with the majority of the changes taking place following the 24-h recovery (Fig. 2a) . From these data, we selected genes that were increased or decreased by fivefold or more to be included as "top- Tables 1 and 2 .
One of our interests is the potential usefulness of HBOT as a preconditioning stress to induce cytoprotective gene expression. We therefore examined the effects of HBOT on several molecular chaperone genes present on the array, as shown in Table 3 . Chaperone genes [heat shock protein (HSP) and DNAJ related] shown in the table were selected from the list of significantly regulated genes having a fold change above or below 1.25. These data indicate that a number of molecular chaperones were up-regulated imme- Fig. 2 Microarray data analysis. a Differentially regulated genes were selected based on a significant difference in at least one treatment level compared to control. Following statistical analysis, a total of 8,101 (21%) significantly regulated genes were identified. Of that list, about 695 increased and 901 decreased immediately following HBOT, whereas 3,280 increased and 3,968 decreased following the 24-h recovery. b Genes regulated ±5-fold were selected as topresponding genes. White bars indicate up-regulated genes; gray bars indicate down-regulation diately following HBOT, with a number of changes persisting through 24 h. A small subset of chaperone genes were down-regulated at 24-h post-HBOT, which may result from a feedback inhibition from the early HSP activation (Yura et al. 2007; Zhang and Andersen 2007) .
Biological function analysis
In order to obtain insight into which biological processes are most relevant to the gene list, genes that were significantly up-regulated by 1.25-fold or more or downregulated by 0.75-fold or more were uploaded into the Ingenuity Pathway Analysis software. For functional analysis, the software selects genes that are enriched within a particular biological category and assigns a p value based on the enrichment number in comparison to the entire Ingenuity knowledge base. For our analysis, we selected results with highly significant p values (≤0.001) as described in the "Materials and Methods." Table 4 displays the results of this analysis showing the top 5 regulated functions (full lists are available in Supplementary Tables 1  and 2 ). In general, the same categories are represented at both the 0-and 24-h time points. This analysis predicts that HBOT impacts the cell cycle, cell movement, and morphology as well as gene expression/regulation and cell growth, proliferation, and death.
Pathway analysis
In order to gain insight into which specific cellular pathways might be affected by HBOT, we examined the pathway results generated from the Ingenuity software. One pathway of particular interest to us that was found to be significantly affected was the Nrf-2 oxidative stress response pathway. Figure 3 illustrates the gene expression changes detected in this pathway. Nrf-2 is a transcription factor that binds the antioxidant response elements of gene promoters in a complex with macrophage activating factor (MAF). The expression both Nrf-2 and MAF mRNAs were increased following HBO exposure, as were a number of Nrf-2 target genes (including metallothionein, heme oxygenase, and thioredoxin). Although the changes associated with this pathway were complex with both positive and negative acting changes ensuing, the increased expression of target genes is consistent with an overall stimulation of this pathway. As described below, HBOT also protected cells from oxidant stress, which is likewise consistent with an activation of this pathway.
Validation and expansion of microarray data
In order to validate some of the changes described by the microarray, we chose to use quantitative PCR (qPCR) and Taqman reagents. To date, most hyperbaric studies do not compare HBOT results to the effects of high oxygen treatment alone, so we addressed this issue by treating the HMEC-1 cells with 100% O 2 at 1 atm for 1 h within the same chamber used for the hyperbaric studies. Furthermore, we wished to expand our time course studies in order to clarify the kinetics of gene activation following HBOT or 100% O 2 . Figure 4 shows the results of these studies. For all of the genes tested, HBOT was required to elicit the highest degree of activation and changes were found to be minimal following 100% O 2 treatment at 1 atm. For some of the genes examined (Nrf2, HSPA1A, MT1A, and FOS), 100% O 2 treatment was not sufficient to activate gene expression above control levels. Maximal activation for HMOX1, Nrf2, HSPA1A, and ACTC1 occurred at 4 h posttreatment, while two of the genes FOS and MT1A were maximally activated immediately following HBOT.
Functional relevance of gene expression changes
The gene expression analysis indicated potential changes in cell proliferation (Table 3) , cell survival (Table 3) , and oxidant protection through the Nrf-2 antioxidant pathway (Fig. 3) . We therefore performed experiments to determine the functional relevance of these gene expression changes.
We first tested the ability of HBO to protect cells from oxidative stress. In this experiment, HMEC-1 cells were preconditioned with HBO and then treated with t-butyl hydroperoxide to induce oxidative stress. As shown in Fig. 5a , cells exposed to HBOT showed a greater resistance to oxidative stress than control cells. HBOT was also more effective at preconditioning cells than 100% O 2 at 1 atm, supporting an important role of increased pressure in achieving this protection. Since the gene array data suggested potential changes in cell proliferation, we also determined the effect of HBOT on cell number 24 h after HBO exposure. As shown in Fig. 5b , HBOT increased the number of viable cells in the culture at the 24-h time point. This enhanced proliferation also required elevated pressure and was not observed following treatment with 100% O 2 at 1 atm alone. Finally, because some of the HBOT-induced changes occurred in genes regulating cell migration, cell morphology, and proliferation, we also assessed the impact of HBOT on the ability of HMEC-1 cells to form microvascular tube structures. For these studies, we took advantage of the propensity of HMEC-1 cells to spontaneously form tubes that resemble primary vasculature when plated on Matrigel (Ades et al. 1992) . Cells were treated with or without HBOT and then plated on Matrigel. Cells received either one or two HBO treatments. The results are displayed in Fig. 5c . It is apparent that, after a single HBO treatment, tube formation occurred more readily than in control. Tube formation was further enhanced with an additional HBOT applied 16 h after the first. In contrast, cells treated with 100% O 2 at 1 atm showed no improvement in vascular network formation compared to controls with one or two treatments (data not shown). Although the mechanism underlying the enhanced response to the second HBO treatment is still unclear, this finding supports the possibility that the cellular changes induced by an initial HBOT may prime cells for the second exposure. Furthermore, repeated treatments are commonly used clinically, and we are interested in exploring the cellular response to multiple treatments.
Discussion
To understand the molecular changes that occur in endothelial cells following HBOT, we explored global gene expression changes using a microarray approach. We found 8,101 genes to be significantly regulated either immediately following HBOT or after a 24-h recovery period. Of these statistically significant genes, we examined which genes were changing to the highest degree. Some important top responders that are up-regulated immediately by HBOT include the immediate early transcription factors, FOS, FOSB, and JUNB, which may be indicative of enhanced proliferation potential (Pahl and Baeuerle 1994; Asakuno et al. 1995; Shono et al. 1996) . Other top-responding genes that are up-regulated at both time points include the metallothionein family of proteins, which are known to protect against oxidative stress (Bell and Vallee 2009) . Although the array analysis suggests that a number of endothelial cell signaling pathways may be altered by HBOT, we focused much of our analysis on proliferation and protective responses.
HBOT can protect cells against lethal heat stress and has been reported to extend the lifespan of some model organisms (Cypser and Johnson 2002) . Furthermore, it has been shown that pretreatment with HBO can reduce cognitive decline following coronary artery bypass graft surgery in humans (Cypser and Johnson 2002; Alex et al. 2005) . Consistent with these observed physiological effects, we found that HBOT does increase the expression of molecular chaperones in microvascular endothelial cells at both time points examined. Although these were not among the top-responding genes, ranging from the lowest stimulation at 1.27-fold to a high of 2.04-fold, up to 20 genes in this category were activated. Interestingly, abundant cellular proteins like molecular chaperones are typically not induced to very high fold-increases but are still capable of eliciting a response within the cell (Hageman 2008) . While it is not yet clear what specific function these chaperones have in endothelial cells, our functional data would suggest that they might play a role in protecting cells from lethal oxidative stress (Fig. 5) . In addition, we see downregulation of some molecular chaperones at the 24-h time point including HSPA1A and HSPA2. The mRNA encoding HSPA1A is known to be transiently elevated in stressed cells due to the activation of a negative feedback loop (Theodorakis et al. 1999) , and this feedback control may be in operation 24 h post-HBOT. Four of the down-regulated genes encode endoplasmic reticulum (ER) luminal proteins that are involved with protein folding, DNAJB11, HSP90B1, (Schroder and Kaufman 2005) . While further investigation is needed into which specific molecular chaperones may be acting in these cells under our HBOT conditions, it is apparent that HBOT can induce the expression of key protective genes, providing evidence for the use of HBOT as such a preconditioning stress. Ingenuity Pathway Analysis predicted some interesting cellular changes following HBOT. In general, genes categorized in cell growth and proliferation, cell death, and gene expression were among the top affected functional categories. Giving a general sense of affected functions, these data can help to predict mechanisms that are involved in HBOT-induced processes, specifically wound healing, as well as suggest some potential new applications of the treatment. While it is known that HBOT can stimulate growth of several cell types, the specific underlying genes have not been studied. Our data confirm that HBOT can induce cell growth in microvascular endothelial cells and point to the subunits of the AP-1 transcription factor as playing a role. While further studies need to be completed to verify the role of these genes, this dataset has revealed potential candidate mechanisms.
With regard to endothelial cell protection, pathway analysis pointed to the Nrf-2 oxidative stress response pathway as being an important pathway regulated by HBOT. This pathway controls the expression of over 200 protective and Fig. 4 Validation of microarray data. HMEC-1 cells were treated with either HBOT or 100% O 2 and RNA extracted at indicated times following treatment. RNA was converted to cDNA and subjected to qPCR for the indicated genes. Genes were selected from pathways of interest including the Nrf2 signaling pathway, cytoprotective genes, and the top-responding genes. HMOX1 heme-oxygenase 1, HSPA1A human heat shock protein 70, Mt1A metallothionein 1 A, ACTC1 actin, alpha cardiac muscle 1, FOS FBJ murine osteosarcoma viral oncogene homolog antioxidant genes (Suh et al. 2004; Nguyen et al. 2009; Zakkar et al. 2009 ). Our data indicate that HBOT can induce the expression of a number of Nrf-2 target genes, and it is likely that these genes are contributing to the protection of the endothelial cells to oxidative stress (Fig. 5) . Metallothioneins, which are among the top-responders to HBOT, can be regulated by Nrf-2 (Ohtsuji et al. 2008) . One particularly interesting Nrf-2-regulated gene activated by HBOT is the heme oxygenase gene, HMOX1. HMOX1 is up-regulated by 3.72-fold immediately following HBOT and remains elevated by 1.44-fold after 24 h recovery. Since HMOX1 reaction products are known to provide cytoprotection from inflammatory diseases, including atherosclerosis, HMOX1 induction may play an important role in providing some of the clinically beneficial effects of HBOT (Ryter et al. 2006) . In general, induction of the Nrf-2 pathway is likely to provide a range of anti-inflammatory and other health benefits (Al-Waili and Butler 2006; Osburn and Kensler 2008) .
Given the general pro-growth and pro-survival actions of HBOT on the endothelial cells and the fact that genes involved in cell mobility were affected by HBOT, we assessed the impact of HBOT on the ability of cells to form a vascular network. We found that a single HBOT enhanced network formation of these cells and that two daily treatments performed even better. Although the mechanism underlying the enhanced response to the second HBO treatment is still unclear, this finding supports the possibility that the cellular changes induced by an initial HBOT may further predispose endothelial cells to the pro-growth and maturation effects of a second treatment.
In summary, we find that HBOT activated the expression of cytoprotective and growth-promoting genes in endothelial cells. This response was dependent on elevated pressure, indicating that high concentrations of dissolved oxygen were required to induce these responses. In addition, HBOT was found to enhance endothelial cell vascular network formation, particularly after two successive treatments. The molecular effects we report here provide mechanistic insight into the cellular changes induced by HBOT and offer an opportunity to generate more hypotheses. These molecular responses may be useful in understand and improving clinical applications of HBOT.
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